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Space-charge effects were studied by monitoring Fourier transform ion cyclotron resonance 
spectra while scanning the laser wavelength near the origin of a two-photon resonant 3s + n 
Rydberg transition of acetaldehyde. The rotational contour of the origin band permits the 
experimental control of space-charge density. Both the frequency shift and the inhomoge 
neous line broadening were observed as a function of space-charge density. Three-dimen- 
sional ion trajectories in the presence of Coulomb interactions between ions were simulated 
under the quadratic and exact trapping potentials. The simulated Fourier transform ion 
cyclotron resonance spectra were obtained from the image-charge signals induced by a 
uniform field of chirp or impulse excitation. Comparisons of experiments with three-dimen- 
sional simulations reveal that the inhomogeneous line broadening observed in experiments is 
most likely due to both large-amplitude oscillations of ions and Coulomb interactions 
between different m/9 ions. (J Am Sot Mass Spectrom 1997,8,319-326) 0 1997 American 
Society for Mass Spectrometry 
F ourier transform ion cyclotron resonance (FT-ICR) spectroscopy [l-5] affords the high resolution mass detection of multiphoton ionization (MPI) 
spectroscopy without kinetic shifts [6-131. Our earlier 
report focused on ET-ICR detection of MI’1 spec- 
troscopy of acetaldehyde [12, 131. Both the detection 
linearity and the trapping efficiency of ions were exam- 
ined at low laser power [13]. At high laser power, 
FT-ICR spectra showed frequency shifts as well as 
anomalous line broadening, thus degrading mass reso- 
lution. These space-charge effects from MPI processes 
were also noted by other workers [6, 71. The most 
prominent space-charge effects on the FT-ICR signal 
are frequency shifts [14-221, amplitude and phase 
modulation [21-231, phase locking [21, 22, 24, 251, and 
relative peak height changes [26]. They originate from 
Coulomb interactions between ions trapped in the ion 
cyclotron resonance (ICR) cell and those between ions 
and image charges induced on the ion trap electrodes 
[20,27]. When ions were generated by MPI in the ICR 
cell, there was an additional space-charge effect owing 
to an initial Coulomb explosion. The MPI serves as a 
pulsed point ion source in the ICR cell because an 
ionizing laser beam is focused tightly to a focal point 
near the center of the ICR cell [lo-131. An instanta- 
neous buildup of space-charge during ionization by a 
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5-ns laser pulse results in the Coulomb explosion of an 
ion cloud, thus inducing large-amplitude oscillations 
of ions in the ICR cell. Therefore, both dynamic oscilla- 
tions of ions and Coulomb interactions between ions 
are important under the present experimental condi- 
tion. 
To quantitatively examine the space-charge effects, 
IT-ICR mass spectra were taken immediately after 
MPI as a function of space-charge density. The 
space-charge density was controlled by scanning the 
laser wavelength near the origin band of the two-pho 
ton resonant 3s + n Rydberg transition of acetalde- 
hyde [28, 291. At constant laser power and molecular 
beam intensity, the space-charge density varies with 
the two-photon absorption cross section [30]. FT-ICR 
peak frequencies and linewidths were compared as a 
function of excitation wavelength. In addition, three 
dimensional (3D) trajectory simulations of ions in a 
cubic ICR cell were carried out in the presence of 
Coulomb interactions between ions. 
A number of models have been proposed to date to 
account for space-charge effects. Jeffries et al. [14] 
derived an analytical expression for the frequency shift 
of the same mass ion cloud in various ion trap geome- 
tries. Franc1 et al. [15] measured ET-ICR frequency 
shifts as a function of the duration of electron beam 
pulse. Chasman and Baltz [16] analytically solved 
two-dimensional (2D) dynamics of a charge cloud ro- 
tating in a uniform magnetic field under the influence 
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of space-charge forces. Wang and Marshall [ 171 exam- 
ined frequency shifts and modulations of two ions of 
the same mass and the same cyclotron radius but with 
different orbit centers in two dimensions without trap 
ping potential. Chen and Comisarow [ 18,191 presented 
the point-charge, line-charge, and charged disk models 
of two ion clouds of different masses but with concen- 
tric orbits in two dimensions without trapping poten- 
tial. They observed frequency shifts but no line broad- 
ening. Hendrickson et al. [23] modified the 2D point- 
charge model of Chen and Comisarow [ 181 to show the 
Coulomb-induced frequency modulation of two ions 
of different masses but with concentric orbits. Xiang et 
al. [20] studied image-charge-induced frequency shift 
for orthorhombic and cylindrical ion traps. Cornell et 
al. [21] presented two-ion dynamics with the radial 
motion uncoupled from the axial oscillation in a Pen- 
ning ion trap. Huang et al. [24] and Naito and Inoue 
[25] observed the coalescence of FI-ICR peaks from 
large populations of two closely spaced m/q ion 
clouds. Mitchell and Smith [22] investigated the cy- 
clotron motion of two ion clouds with different m/9 in 
two dimensions. Uechi and Dunbar [26] studied 
space-charge effects on the relative peak heights of 
two isotopomeric ion clouds in two dimensions. All 
studies considered the radial motions uncoupled from 
the axial oscillation and focused on the frequency shift 
[14-221, the mass calibration 115, 22, 311, and the 
maximum number of ions [22] that can be confined 
without degrading the mass resolution. The line broad- 
ening was explained typically by invoking the posi- 
tion-dependent frequency shifts in the nonquadratic 
trapping potential [18, 191 or by the cyclotron phase 
locking between closely spaced m/9 ions 122, 24, 251. 
The present work differs from the others in that 3D 
trajectory simulations were performed in the presence 
of Coulomb interactions between ions that oscillate 
with large amplitudes in a cubic ICR cell. Both the 3D 
quadratic 1321 and the exact trapping potentials 1331 
were employed in the simulation to differentiate the 
effect of dynamical oscillations from that of electro- 
static interactions. The image-charge effect [23, 301 on 
the ion trajectory was not included in the present 
work. A time integration algorithm with a modified 
leapfrog scheme [34, 351 was used for the trajectory 
calculation. A uniform force field of a radiofrequency 
(rf) chirp or impulse excitation was applied [36]. FT-ICR 
spectra were obtained from the exact image-charge 
equation based on the reciprocity principle [33,37] and 
compared with experiments. 
Experimental 
A general description of an ICR setup with a pulsed 
molecular beam source was reported previously 
[lo-131. Experimental procedures for the MPI spec- 
troscopy of acetaldehyde were given in detail else- 
where [12, 131. Experimental procedures pertinent to 
the control of space-charge density is outlined briefly. 
A molecular beam of neat acetaldehyde was pulsed 
into the ICR chamber through a l-mm skimmer. Both 
the pulse duration and intensity of the Newport 
solenoid valve opening were adjusted to maintain a 
peak pressure in the ICR chamber at - 6 X 10P6 torr. 
The partial pressure of pulsed acetaldehyde in an 
ionizing volume was considered to be a few orders of 
magnitude greater than the peak pressure. The mag- 
netic field strength was fixed at 0.7646 T and 1-V 
trapping potential was applied in a 1.85-in. cubic trap- 
ping cell. The magnetic field strength was determined 
from the cyclotron frequency of H,Of at the zero 
trapping potential in the absence of space-charge ef- 
fects. H,O+ was produced by electron impact in the 
background pressure of 2 x lo-’ torr. 
MPI spectra were obtained by scanning the laser in 
the wavelength range 363.43-363.53 run by increments 
of 0.0025 nm (0.19 cm-‘). The present wavelength 
range covers the origin band of the two-photon reso- 
nant 3s +- n Rydberg transition of acetaldehyde 
[12-151. The pulse width of the laser was N 5 ns. The 
laser power dependence of MPI spectra was monitored 
at 6 and 15 mJ per pulse. At each wavelength, transient 
signals were acquired with the sampling rate of 2 MHz 
for 16 ms (32,768 data points). The chirp or impulse 
excitation pulse was applied after delaying 1 ms from 
ionization. 
Computer Simulation 
In the presence of an electric field E and a magnetic 
field B, a nonrelativistic ion with a velocity v is under 
the Lorentz force of classical electrodynamics: 
F=qE+qvxB (1) 
In our 3D simulations, a constant and homogeneous 
magnetic field was applied along the axial direction 
B,z. The E field consists of a position-dependent elec- 
trostatic field due to the geometric effect of the trap- 
ping potential and Coulomb interactions between ions 
in the ICR cell. The interactions between ions and the 
image charge induced on the ion trap electrodes were 
neglected. A time-dependent impulse or resonant rf 
excitation was treated as a spatially uniform electric 
field. The initial ion velocities at a time zero were 
neglected because of insignificant effects expected in 
overall detection [26]. Ion trajectories were obtained by 
evaluating the positions x ( x, y, zl and the velocities v 
at discrete time intervals by using a modified leapfrog 
algorithm [34, 351. This algorithm is known to be 
unconditionally stable for the perpendicular compo- 
nent to the magnetic field direction. To avoid any 
oscillatory problems of the algorithm and to conserve 
the total energy of system, mostly a very fine time step 
of l-5 ns was used and a much finer step of up to 50 
ps was also used as needed. Whereas the ionizing laser 
pulse width is about 5 ns, the MI’1 certainly can be 
considered as a point ion source in both time and 
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space. The modified leapfrog approximation is a time 
integration scheme that combines the electric force 
field with the Lorentz force integrator: 
x,+1 - xi, = “,+1/z AT (2) 
“,+1/T - “n-l/Z 
9E?l a,, AT 
= -AT + (v,+,,~ + “n-1/2) X ~ (3) m 2 
where AT is the time step, (Iz = 9B/m is the cyclotron 
frequency, and the subscript designates the time level 
(t = n AT, etc.). Introducing two intermediate veloci- 
ties VT and vz, the electric and rotational terms in eq 3 
can be separated: 
*=v 9&l AT 
“1 n-l/2 f my- (4) 
0, AT 
“2 *=vf+(v;+V1*)X- 2 
(5) 
9E, AT 
“nil/2 
=v:+-- 
in 2 (6) 
The position-dependent electrostatic field due to the 
trapping potential was evaluated at each point by 
summing 10 x 10 terms in the exact electrostatic po- 
tential equation satisfying the Laplace equation for a 
cubic ion trap [32, 331: 
#4x,) = v, + 
1607, - V,) 
7T2 
cosh( k,,Tz,/a> 
cosh( k,,?r/2) 
X 
cos[(21 + l)?rx,/a] 
(21 + 1) 
X 
cos[(2m + 1)7ry,/a] 
(2m + 1) 
E = -V+(x,) 
where k,, = [(21 + 1)’ + (2m + 1)2]1/2. V, and V, 
(7) 
(8) 
are 
the applied electric potentials on the side and trapping 
plates, respectively, and a is the edge length of the 
cubic cell. The image-charge signal was calculated at 
each point by summing 10 x 10 terms in the exact 
solution obtained from a reciprocity-based derivation 
[33, 371: 
169 lo lo 
Q&J = -7 c c C-1) 
,+m sinh(kr,ax,/al 
I=0 m=O sinh( kImp/2) 
X 
cod(21 + 1)7ry,/al 
(21 + 1) 
X 
cod(2m + l)nz,/a] 
(2m i- 1) (9) 
The estimated truncation errors in the potential calcu- 
lation were much less than 0.01% even in the bound- 
ary of simulated trajectories. The discrete fast Fourier 
transform (FFT) algorithm was used to obtain FT-ICR 
spectra. All simulations were performed with an 
IBM/RS6000 workstation or a Silicon Graphics Indigo 
workstation. 
Results and Discussion 
Laser Power Dependence of MPI Spectra 
MI’1 spectra of acetaldehyde at the strong transitions 
such as 0: and 10; bands exhibit abnormal band shapes 
at high laser powers [12, 131. The laser power depen- 
dence of FT-ICR mass spectra was investigated as a 
function of excitation wavelength near the 0: band. 
Figure 1 shows MPI spectra obtained at two different 
laser powers, 6 and 15 mJ per pulse. At the high laser 
power, the band shape appears to be depleted in the 
center for both HCO+ and CH,CO+. The transient 
signal for each data point in Figure 1 was analyzed to 
compare ET-ICR peak frequencies and linewidths for 
both HCO+ and CH,CO+. ET-ICR mass spectra ob- 
tained at the wing (A), near the center (B), and at the 
center (Cl of the 0: band will be compared later with 
the simulated spectra. 
1 
a k I i 
L 
B 
363.44 363.46 363.48 363.5 363.52 
h(nm) 
Figure 1. FT-ICR signal amplitudes of HCO’ and CH,CO+ as 
a function of wavelength. Solid symbols represent the experi- 
mental data taken with a 15-mJ/pulse energy and open symbols 
with a 6-mJ/pulse energy. The magnetic field strength was 
0.7646 T and the trapping potential was 1.0 V. The peak pressure 
in the ICR chamber from the pulsed molecular beam of acetalde- 
hyde was - 5 X 10d6 torr. 
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Frequency Shifts and Line Broadening 
Figure 2 shows FT-ICR frequency shifts as a function 
of wavelength. FT-ICR peak frequencies are down- 
shifted from the unperturbed ICR frequency f, in the 
absence of space-charge and trapping potential. fc 
was calculated from the measured magnetic field 
strength: 404,837 Hz for HCO+ and 272,935 Hz for 
CH,CO+. The solid symbols in Figure 2 represent the 
high power data and the open symbols denote the low 
power data. Both HCO+ and CH,CO+ ions show the 
frequency lowering of - 300 Hz from fcs even at the 
wing owing to a trapping potential [14]. As the laser 
power increases from 6 to 15 mJ per pulse, FT-ICR 
peak frequencies at the wing are down-shifted further 
by 20 Hz because of an increase in the total number of 
ions. The frequency of CH,CO+ is shifted more than 
that of HCO+. As the space-charge density is varied 
by scanning the wavelength toward or away from the 
band center, the FT-ICR peak frequency gradually de- 
creases or increases, respectively. 
Figure 3 shows the full linewidth at half of the 
maximum peak height (FWHM) as a function of wave- 
length. The linewidth increases sharply near the band 
center only at high laser power. The minimum 
linewidth is Fourier-transform @D-limited by the 
length of the transient signal and it corresponds to 
-300 
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s -450 
p -5ool,, , , , , , , , I, I I I I I I I ,4 
h 
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-450 - 4’ 
Y 
-5oo-, , , , , , , , , , , , , , , , , , ,- 
363.44 363.46 363.48 363.5 363.52 
Unm) 
Figure 2. The cyclotron frequency shifts as a function of wave- 
length. The unperturbed cyclotron frequencies of 404,837 Hz for 
HCO+ and 272,935 Hz for CHaCO+ were calculated from the 
magnetic field strength 0.7646 T. The solid symbols correspond to 
the data taken with a 15-mJ/pulse energy and the open symbols 
with a 6-mJ/pulse energy. 
HCO+ 
6 CH,CO+ 
363.44 363.46 363.48 363.5 363.52 
h(nm) 
Figure 3. The inverse of mass resolution Am/m of the FT-ICR 
signal as a function of wavelength. Am corresponds to the full 
linewidth at half of the maximum peak height @WHM). The 
solid symbols correspond to the data taken with a 15-mJ/pulse 
energy and the open symbols with a 6-mJ/pulse energy. The 
Fourier transform limited linewidth due to a 16-ms transient 
length corresponds to Am/m of 1.8 x 10m4 for HCO+ and 2.7 X 
1W4 for CH,CO*. 
Am/m of 1.8 x 10e4 for HCO+ and 2.7 X 10e4 for 
CH,CO+. The maximum linewidths are about two or 
three times greater than the FI’-limited values. This 
anomalous line broadening disappears when the FT- 
ICR detection is made after 1 s from ionization and the 
ET-ICR peak height increases. 
Three-Dimensional Trajectory Simulations in the 
Presence of Quadra tic Trapping Potential 
Three-dimensional trajectory simulations were per- 
formed to gain physical insights into the space-charge 
effects appeared in Figures l-3. First, the 3D quadratic 
trapping potential was employed to extract the contri- 
bution from Coulomb interactions between ions 
trapped in the ICR cell. Unlike the quartic approxima- 
tion [38-401 or the exact trapping potential [32,33], the 
cyclotron frequency for a single ion in the quadratic 
trapping potential is independent of ion position in the 
ICR cell. Thus, any frequency shifts must arise from 
Coulomb interactions between ions. 
Trajectories were simulated for 24 charged particles 
of m/q = 29, 16 charged particles of m/q = 43, and 8 
charged particles of m/q = 44. The number of parti- 
cles assigned to each m/q was chosen to mimic the 
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relative amplitudes observed in experiments. The ini- 
tial configuration of these ions was chosen to be ran- 
dom in a 8-mm cube with an interparticle separation of 
at least 2 mm. The initial interparticle separation was 
deliberately made large to avoid sharp increments of 
Coulomb-induced spatial separations within a given 
time step of simulation. Otherwise, the algorithm 
sometimes failed to follow the correct trajectories of 
the particles. Note that the spatial separations in the 
x-y plane are a little bit exaggerated when compared 
with experimental conditions. The reduction in inter- 
particle separation made no significant differences in 
results. Each particle was treated as a point charge. 
The charge concentration for each particle was varied 
to control the total number of ions in the ICR cell, but 
the mass-to-charge ratio was fixed. For a given set of 
the number of particles and charge concentrations, 
four different initial configurations were examined to 
obtain the average frequency shift caused by Coulomb 
interactions. 
Figure 4 shows the average frequency shifts as a 
function of charge concentration. As the charge con- 
centration increases, the cyclotron frequency decreases 
from the single ion frequency. The higher m/q parti- 
cles exhibit more frequency shifts. When the frequency 
shifts are normalized for the total number of different 
m/q particles, the m/q dependence disappears as 
shown in Figure 5. This result indicates that the appar- 
ently larger frequency shifts for the higher m/q parti- 
cles in Figure 4 are not because of the mass-to-charge 
ratio, but because of the greater number of different 
m/q particles. The larger frequency shift for m/q = 43 
than for m/q = 29 in Figure 2 is due to the greater 
number of m/q = 29 ions than m/q = 43. This conclu- 
sion was confirmed again by changing the number of 
l 44 m/q I 
0 2000 4000 6000 8000 10’ 
Total Number of Ions (x48) 
Figure 4. The Coulomb-induced frequency shift as a function of 
the charge concentration of particles under the quadratic trap 
ping potential. The error bars represent the standard deviations. 
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Figure 5. The normalized frequency shift as a function of charge 
concentration of particles. The data shown in Figure 4 were 
normalized by the total number of different m/q particles. 
particles for each m/q. Meanwhile, when the same 
mass-to-charge ratio was assigned to all particles, no 
frequency shifts were observed. Coulomb interactions 
between different mass ions shift frequencies of other 
mass ions, whereas those between the same mass ions 
have no effect. No inhomogeneous line broadening 
greater than the ET-limited linewidth resulted from 
simulations under the 3D quadratic potential. These 
results for frequency shifts and the absence of line 
broadening agree well with what the 2D space-charge 
models have predicted 118, 191. The line broadening 
due to phase locking [22,24,251 is not considered to be 
important in this case because of the axial motion. The 
coupling between axial and radial motions due to 
Coulomb forces is not important either. 
Three-Dimensional Trajectory Simulations in the 
Presence of Exact Trapping Potential 
Further trajectory simulations were carried out in the 
presence of the exact trapping potential [32, 331. The 
main focus was to examine the effects of large-ampli- 
tude oscillations initiated by an instantaneous Coulomb 
explosion during MI’1 on the line broadening. Because 
the FT-ICR frequency is position-dependent in the non- 
quadratic trapping potential [33, 36-391, dynamic os- 
cillations of ions may provide inhomogeneous line 
broadening as suggested by Chen and Comisarow [18, 
191. 
Experimental FT-ICR spectra for m/q = 43 are 
shown in Figure 6. They were obtained with 15 mJ per 
pulse at the three different wavelengths marked in 
Figure 1: (A) the minimum charge density at the wing 
of the 0: band, (B) the intermediate charge density 
near the band center, and (C) the maximum 
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42.95 43 43.05 42.95 43 43.05 
m/q 
Figure 6. Comparison of experimental spectra (a), (b), and (cl 
with simulated spectra cd), (e), and (D. The exact trapping poten- 
tial was applied in the simulations. The experimental spectra for 
m/q = 43 were obtained with 15 mJ/pulse at the three different 
positions marked in Figure 1: (A) at the wing of the band, (B) 
near the band center, and (C) at the band center. The simulated 
spectra were obtained for the singly charged particles of m/q = 
43 from three different initial particle configurations: (d) 20 
particles spread randomly in a O.l-mm cube at the center of ICR 
cell, (e) 20 particles distributed uniformly along the z direction, 
and (f) 3 particles positioned at (0, 0, 01, f  - 0.2a,O, - 0.36~1, and 
(0.2a, 0,0.36a). 
space-charge density at the band center. The spectrum 
in Figure 6a obtained with the minimum charge den- 
sity shows no additional line broadening than the 
m-limited linewidth. As the charge density increases, 
both the frequency shift and the anomalous line broad- 
ening were observed as shown in Figure 6b and c. 
Three different initial configurations of the singly 
charged m/9 = 43 particles were simulated at first: (1) 
20 particles randomly spread within a O.l-mm cube 
near the center of the cell (Figure 6dl; (2) 20 particles 
uniformly distributed along the z-axis (Figure 6e); 
(3) 3 particles at (O,O, 01, (-0.2a, 0, -0.36a), and 
(0.2a, 0,0.36a), where a is the length of the ICR cell 
(Figure 6f). The configuration in Figure 6d represents 
the near-point ion source with a low space-charge 
density. The configuration in Figure 6e represents the 
uniform ion distribution produced by electron impact 
or by axial photoionization. The configuration in Fig- 
ure 6f represents the polarized ion distribution chosen 
arbitrarily. According to the analytical solution for the 
trajectory of an ion in a quartic trapping potential [40], 
the effective cyclotron frequency decreases as the axial 
oscillation amplitude increases, but it increases as the 
cyclotron and magnetron radii increase. The frequency 
reduction due to the large-amplitude axial oscillation 
has been simulated numerically by Nikolaev et al. [41]. 
To mimic the amplitude ratio of 2 : 1 for two closely 
spaced peaks with the larger peak at the lower fre- 
quency as shown in Figure 6c, an axial displacement of 
0.369 was assigned to two particles and no displace- 
ment was assigned to one particle. There could be 
many other possible configurations to mimic Figure 6c; 
however, no further attempts were made to exhaust all 
possible configurations. The FT-ICR spectra simulated 
with these configurations were compared with the 
experimental spectra. Figure 6d obtained from ions 
localized near the center of the cell shows no line 
broadening greater than the IT-limited linewidth. Fig- 
ure 6e from the uniform axial distribution of ions 
exhibits little line broadening. Figure 6f from the polar- 
ized ion distribution displays both the frequency shift 
and the inhomogeneous line broadening. The line 
broadening also resulted from the configurations where 
particles were distributed very widely in both the 
perpendicular and parallel directions to the z axis. 
Note in passing that the increase of charge concentra- 
tion of each particle has no significant additional effect 
on the frequency shift and line broadening. Although 
the present 3D trajectory simulation employs only a 
few particular spatial distributions of charged parti- 
cles, it provides meaningful insight into the impor- 
tance of axial oscillations on the inhomogeneous line 
broadening. 
The next step was obviously to include different 
m/9 particles in the simulation. Four particles of m/9 
= 29 were included in addition to the configuration in 
Figure 6f with three m/q = 43 particles and the num- 
ber of charge concentration was increased to 5000 for 
every particle. This configuration was set to examine 
the inhomogeneous line broadening due to Coulomb 
interactions between the different mass ions that un- 
dergo large amplitude oscillations in the ICR cell. The 
simulated FT-ICR spectrum of m/9 = 43 is shown in 
Figure 7b and it is compared with both the experimen- 
tal spectrum in Figure 7a and the simulated spectrum 
without additional m/q = 29 particles in Figure 7c. 
Adding m/q = 29 particles certainly broadens the 
linewidth of m/q = 43. Figure 7b matches most closely 
with the experimental line shape of m/q = 43 shown 
in Figure 7a. Further increase of the number of parti- 
cles at m/9 = 29, from 4 to 12, has little effect on the 
line shape. Although the particular configuration used 
in the simulation is chosen arbitrarily, it reveals the 
effect of dynamic oscillations of ions and Coulomb 
interactions between ions. No further simulations with 
increasing number of ions were attempted because of 
prohibitive computational times. 
In the presence of nonquadratic trapping potential, 
even the same m/q ions show both the frequency shift 
and line broadening in the absence of collisional damp 
ing not because of space-charge interactions, but be- 
cause of large-amplitude axial oscillations. Coulomb 
interactions between different m/q ions that undergo 
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42.95 43 43.05 
m/s 
Figure 7. The inhomogeneous line broadening observed in the 
FT-ICR spectrum of m/q = 43. (a) The experimental spectrum 
shown in Figure 6c; (b) the simulated spectrum obtained by 
adding four more particles of m/q = 29 in the configuration in 
Figure 6f and by increasing the charge concentration to 5000 for 
all particles; (c) the simulated spectrum from the configuration in 
Figure 6f. 
large-amplitude axial oscillations contribute to addi- 
tional inhomogeneous line broadening. It appears that 
multiphoton ionization in the ICR cell by a tightly 
focused laser beam produces an ion cloud subject to 
instantaneous Coulomb explosion that yields a very 
broad and inhomogeneous distribution of ions in the 
ICR cell. The large-amplitude axial oscillation is con- 
sidered to be a source of inhomogeneous line broaden- 
ing observed in the MPI mass spectra. 
Conclusion 
Comparisons of experiments with 3D trajectory simu- 
lations under the quadratic and the exact trapping 
potentials prove the traditional view of space-charge 
effects on the FT-ICR spectra. Under the quadratic 
trapping potential, Coulomb interactions between dif- 
ferent m/q ions shift cyclotron frequencies, but inter- 
actions between the same m/q ions produce no effect. 
The net frequency shift is independent of the mass-to- 
charge ratio, but depends on the total number of ions 
in the different mass-to-charge ratios. In the presence 
of the exact trapping potential, even the same m/q 
ions show both the frequency shift and line broadening 
not because of space-charge interactions, but because 
of large-amplitude axial oscillations. Additional inho- 
mogeneous line broadening results from Coulomb in- 
teractions between different m/q ions that undergo 
large-amplitude axial oscillations. The space-charge 
effects observed in the MPI/ET-ICR spectra originate 
from the instantaneous Coulomb explosion of an ion 
cloud that induces large-amplitude oscillations of ions 
in the absence of high pressure buffer gases and from 
Coulomb interactions between different mass-to-charge 
ratio ions. 
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